Production of D sJ (2317) mesons in relativistic heavy ion collisions at the BNL Relativistic Heavy Ion Collider is studied. Using the quark coalescence model, we first determine the initial number of D sJ (2317) mesons produced during hadronization of created quark-gluon plasma. The predicted D sJ (2317) abundance depends sensitively on the quark structure of the D sJ (2317) meson. An order-of-magnitude larger yield is obtained for a conventional two-quark than for an exotic four-quark D sJ (2317) meson. To include the hadronic effect on the D sJ (2317) meson yield requires the absorption cross sections of the D sJ (2317) meson by pions, ρ mesons, anti-kaons, and vector anti-kaons, which we have evaluated in a phenomenological model. Taking into consideration the absorption and production of D sJ (2317) mesons during the hadronic stage of heavy ion collisions via a kinetic model, we find that the final yield of D sJ (2317) mesons remains sensitive to its initial number produced from the quark-gluon plasma, providing thus the possibility of studying the quark structure of the D sJ (2317) meson and its production mechanism in relativistic heavy ion collisions.
I. INTRODUCTION
A narrow D sJ (2317) meson was recently observed by the BABAR Collaboration [1] in the inclusive D + s π 0 invariant mass distribution from e + e − annihilation and confirmed by the Belle Collaboration in B meson decay [2] . This meson has the natural spin-parity J P = 0 + and a mass below that obtained from the QCD sum rule approach [3] and quark model calculations [4] for a normal two-quark state cs. The D sJ (2317) meson has thus been considered as a possible candidate for the exotic four-quark states that were studied in the bag model [5, 6] , QCD sum rules [7] , and the nonrelativistic potential model [8] . It is also possible that the D sJ (2317) meson is simply a DK molecule or atom. Determination of the D sJ (2317) meson width is limited by experimental resolutions to a value of less than 4.6 MeV/c 2 [2] . The small width of the D sJ (2317) meson is not surprising, as its mass is below the threshold of the DK system and can only decay into the kinematically allowed but isospin violated channel of the D s π state. Theoretically, the decay width of D sJ → D s π has been studied using the QCD sum rules, and its value varies from a few keV [9] to a few tens keV [10] depending on the assumed flavor state of four quarks or two quarks, respectively. A more phenomenological approach based on the 3 P 0 model [11] also gives a narrow width of about a few tens keV for a normal two-quark D sJ (2317) meson.
Studying the mechanism for D sJ (2317) meson production in nuclear reactions is useful for understanding its quark structure. In Ref. [12] , a coupled-channel quark model was used to study the production of a two-quark D sJ (2317) meson and its radial excitations in hadronic reactions. Production of D sJ (2317) in relativistic heavy ion collisions has also been studied [13] . It was found that for a four-quark D sJ (2317) meson, a much larger yield is obtained if one takes into account the diquark-diquark interactions in the produced quark-gluon plasma. Since the D sJ (2317) meson is not expected to survive in the quark-gluon plasma, it is more likely to be produced at hadronization of the quark-gluon plasma either statistically or via quark coalescence. Its final abundance in a heavy ion collision depends also, however, on its absorption and production probability in the subsequent hadronic matter.
In the present paper, we study D sJ (2317) meson production in central heavy ion collisions at the BNL Relativistic Heavy Ion Collider (RHIC) in a kinetic model that starts from the final stage of the quark-gluon plasma, goes through a mixed phase of quark-gluon and hadronic matters, and finally undergoes the hadronic expansion. The production of D sJ (2317) mesons from the quark-gluon plasma is modeled by the constituent quark coalescence model, which has been shown to describe reasonably well not only the particle yields and their ratios [14] but also their transverse momentum spectra and anisotropic flows [15] [16] [17] . The predicted number of D sJ (2317) mesons is found to depend on its quark structure, with the two-quark state giving an order-of-magnitude larger value than the four-quark state. The D sJ (2317) meson can be absorbed and produced in subsequent hadronic matter via the reactions πD sJ ↔ K * D(KD * ), ρD sJ ↔ KD,KD sJ ↔ ρD(πD * ), andK * D sJ ↔ πD. The cross sections for these reactions are evaluated in a phenomenological hadronic model with coupling constants and form factors involving the D sJ (2317) meson determined from the QCD sum rules. Taking into account the hadronic effect in heavy ion collisions via a kinetic approach, we find that the final number of D sJ (2317) mesons remains sensitive to its initial number produced from the quark-gluon plasma. Studying D sJ (2317) meson production in heavy ion collisions thus provides the possibility of studying both its production mechanism and its quark structure. This paper is organized as follows. In Sec. II, the dynamics of heavy ion collisions at RHIC is described. Production of the D sJ (2317) meson from the initial quark-gluon plasma via the quark coalescence model is discussed in Sec. III. The absorption cross sections of the D sJ (2317) meson by hadrons such as the pion, ρ, anti-kaon, and vector anti-kaon as well as their thermally averaged values are evaluated in Sec. IV. Solving the rate equation based on a kinetic model, the time evolution of the D sJ (2317) meson abundance in heavy ion collisions is presented in Sec. V. A summary is then given in Sec. VI. Details on the derivation of an approximate analytical coalescence formula for D sJ (2317) meson production from the quark-gluon plasma is given in Appendix A, while those on the QCD sum-rule approach to the determination of the form factor at the D sJ DK vertex, which is needed in calculating the D sJ (2317) meson absorption cross sections, is described in Appendix B.
II. HEAVY ION COLLISION DYNAMICS AT RHIC
To model the dynamics of central relativistic heavy ion collisions after the end of the quark-gluon plasma phase, we use the schematic model of Ref. [18] based on the boost invariant picture of Bjorken [19] and an accelerated transverse expansion. Instead of solving the hydrodynamic equation with certain equations of state, we take the volume of produced fire-cylinder in central Au+Au collisions at √ s NN = 200 GeV, which is the collision we are interested in, to evolve with the proper time according to
where R C = 8 fm and τ C = 5 fm/c are final transverse and longitudinal sizes of the quark-gluon plasma, while v C = 0.4c is its transverse flow velocity at this time. The total transverse energy of quarks and gluons in the midrapidity (|y| 0.5) is then about 1067 GeV if quarks and gluons are taken to be massive with m g = 500 MeV, m u = m d ≡ m q = 300 MeV, and m s = 475 MeV in order to take into account the nonperturbative effects of QCD near the critical temperature [20] , and if the quark strangeness and baryon chemical potentials are taken to be µ s = 0 and µ b = 10 MeV, respectively, to account for strangeness neutrality in the quark-gluon plasma and the observed final antiproton to proton ratio of about 0.7 at RHIC. The fire-cylinder then goes through a mixed phase of partonic and hadronic matters at a constant temperature T C until τ H = 7.5 fm/c when its transverse radius and flow velocity are R H ≈ 9 fm and v H ≈ 0.45c, respectively. This corresponds to a small transverse acceleration a = 0.02 c 2 /fm, which is chosen to reflect the small pressure near phase transition and in hadronic matter [21] as well as to obtain a lifetime for the expanding matter comparable to that from the transport model [22] . Values of other parameters of the fire-cylinder are determined from fitting the measured transverse energy 788 GeV as well as the extracted freeze-out temperature 
where T H is the temperature of the hadronic matter at the end of the mixed phase and is thus the same as the critical temperature T C for the quark-gluon plasma to hadronic matter transition. As in Ref. [ [23] , time evolution of the abundance of pions, kaons, anti-kaons, and nucleons has been shown in Fig. 1 of Ref. [18] . Including also the contributions from the decays of resonances, the time evolution of the abundance of these hadrons is shown in Fig. 1(a) . It is seen that the total numbers of pions, kaons, and anti-kaons do not change much during the hadronic stage, while the nucleon number decreases significantly as temperature drops. Their final numbers at freeze-out are 926, 133, 113, and 47, respectively, and are close to those measured in experiments. 
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In Fig. 1(b) , the time evolution of the ratio of anti-baryons to baryons is shown, and it changes from an initial value of 0.75 to a final value of 0.66, which is also close to the measured value of about 0.7. 
with n = 2 or 4 for a two-quark or four-quark D sJ (2317) meson. Similar expressions have previously been used for studying the production of strange hadrons [24] , charmed mesons [25] , and penta-quark baryons [18] from the quarkgluon plasma formed in relativistic heavy ion collisions. We note that the coalescence model can be viewed as the formation of bound states from interacting particles with energy mismatch balanced by other particles in the system. Neglecting such off-shell effects is reasonable if the binding energy is not large and/or if the production process is fast compared to the inverse of the energy mismatch.
Since the normalized quark wave function of the D sJ (2317) meson in the color-spin-isospin space can be expressed as a linear combination of all possible orthogonal flavor, color, and spin basis states, with coefficients depending on the quark model used for the D sJ (2317) meson, then g D sJ is simply given by the probability of finding these quarks in any one of these color-spin-isospin basis states, i.e.,
The dσ in Eq. (3) denotes an element of a spacelike hypersurface σ C at hadronization [26] . In terms of the proper time τ = (t 2 − z 2 ) 1/2 , the longitudinal momentum-energy rapidity y = For the phase-space distribution functions of quarks in the fire-cylinder, they are taken to be the same as in the description of the heavy ion collision dynamics; i.e., they are uniformly distributed in the transverse plane, and their momentum distributions are relativistic Boltzmannian in the transverse direction but uniform in rapidity along the longitudinal direction. Also, the Bjorken correlation of equal spatial η and momentum y rapidities is imposed, which is consistent with the small difference |y − η| 0.5 seen in the transport model [22] . Explicitly, the quark momentum distribution per unit rapidity at T C is
where g q = 6 is the color-spin degeneracy of a quark, β = (r/R)v C is the radial-dependent transverse flow velocity, 245, and Ns 149 at τ C , if we take into account the effect of gluons by converting them into quarks according to the quark flavor composition in the quark-gluon plasma as in Ref. [15] . For charm quarks, we assume that they are in thermal equilibrium in the quark-gluon plasma, which is supported by the large elliptic flow of electrons from charmed meson decays that are observed in experiments [27, 28] and transport models [29, 30] . Their number, however, is presently uncertain, as it depends on whether charm quarks can be produced from the quark-gluon plasma. If we assume that the latter contribution is unimportant, then the number of charm quarks N c produced in heavy ion collisions is simply given by the product of the charm quark number N [31] and STAR experiments [32] , respectively. In the following study, we will use N c = 3 for the calculation and discuss the sensitivity of our results to the change in the value for N c . For the charm quark mass, it is taken to be m c = 1.5 GeV.
For the Wigner distribution function of the D sJ (2317) meson, instead of using a function of Lorentz invariant four-dimensional relative coordinates and momenta such as in Refs. [15, 33] , we take it to be a function of three-dimensional relative coordinates and momenta for simplicity. Specifically, it is obtained by assuming that the wave functions of the quarks are those of a harmonic oscillator with an oscillator frequency ω. For a two-quark D sJ (2317) meson with J π = 0 + , its cs quarks are in the relative p wave, and its Wigner distribution function is thus [33] 
In the above, we have used the usual definitions y = 
where the relative coordinates y i and momenta k i are related to the quark coordinates x i and momenta p i by the Jacobian transformations
and
It can be shown that the product of the Jacobians for the coordinate and momentum transformations is equal to unity. The width parameter σ i for the ith relative coordinate in a four-quark D sJ (2317) meson is again given by σ i = 1/(µ i ω) 1/2 with the reduced masses
We note that the reduced mass µ 1 of the cs quark pair in a four-quark D sJ (2317) meson is a factor of 2 larger than that in a two-quark D sJ (2317) meson because of differences in the definitions of the relative coordinate and momentum. 
which is somewhat larger than that of a two-quark D sJ (2317) meson.
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The coalescence integral in Eq. (3) can be evaluated analytically if we expand the hyperbolic functions to first order, neglect the transverse flow, and use nonrelativistic momentum distributions for quarks. The first approximation is valid for |y| 0.5 considered in the present study. Although the transverse flow strongly affects the transverse momentum spectrum of produced D sJ (2317) mesons, it only has a small effect on its number. As shown in Appendix A, these approximations lead to the following numbers of produced D sJ (2317) mesons from quark coalescence: ∼ 1.9×10
−
Since equilibrium thermal models have been successfully employed in describing the experimental data for the yields and ratios of many hadrons in heavy ion collisions at RHIC [35, 36] , it is of interest to compare the predicted number of D sJ (2317) mesons from the coalescence model with that from the statistical model. In terms of the charm fugacity γ C and the strangeness chemical potential µ S , this model gives the following number of produced D sJ (2317) mesons at hadronization:
where f D sJ (x, p) is the thermal distribution function of D sJ (2317) mesons, given by an expression similar to Eq. (4) for quarks, and I 0 is the modified Bessel function. In obtaining the numerical value in the last line of above equation, we used V H ≈ 1908 fm 3 , T H = 175 MeV,β H = 0.3c, µ S = 10 MeV, and the charm fugacity γ C ≈ 8.4. The latter ensures that the numbers of charmed hadrons produced statistically at hadronization is the same as the number of charm quarks N c in the quark-gluon plasma. Specifically, we have N D ≈ 1.1, N D * ≈ 1.5, N D s ≈ 0.31, and N c ≈ 0.11, giving a total of about 3 charmed hadrons. We note that the number of D sJ (2317) mesons produced in the statistical model is independent of its quark structure, contrary to that in the coalescence model in which the yield for a two-quark D sJ (2317) meson is about a factor of 20 larger than that for a four-quark one.
IV. HADRONIC EFFECTS ON THE D sJ (2317) MESON

A. D sJ (2317) meson absorption cross sections by hadrons
The abundance of D sJ (2317) mesons can change during the expansion of the hadronic matter as a result of absorption by 
as shown in Fig. 2 for the lowest-order Born diagrams. The cross sections for these reactions can be evaluated using the interaction Lagrangians
In the above, τ are Pauli matrices for isospin, π and ρ denote the pion and ρ meson isospin triplet, respectively, and
T denote the pseudoscalar and vector strange meson isospin doublet, respectively. The isospin doublet pseudoscalar D and vector D * mesons are defined in a similar way. For coupling constants, we use g ρDD = 2.52 from the vector dominance model (VDM) [37, 38] , g K * Kπ = 3.25 [39] and g D * Dπ = 6.3 [40] from the decay widths of K * and D * , respectively, and g ρKK = 3.25 from the SU(3)-flavor symmetry [41] . The coupling constant g KDD sJ has been studied in the QCD sum rules, and its value depends strongly on the quark structure of D sJ (2317) meson. The predicted values are g D sJ DK = 9.2 GeV if the D sJ (2317) meson is a two-quark state [42] and g D sJ DK = 3.15 GeV if it is a four-quark state [43] .
The amplitudes for the reactions shown in Fig. 2 are given by 
To obtain the full amplitudes, one needs in principle to carry out a coupled-channel calculation in order to avoid violation of unitarity. Such an approach is, however, beyond the scope of this study. To prevent the artificial growth of the tree-level amplitudes with the energy, we introduce instead form factors at interaction vertices, which are taken to have the form [44] 
where q 2 , taken in the center of mass, is the squared threemomentum transfer for t and u channels, or the squared three-momentum of either the incoming or outgoing particles for the s channel. For the cutoff parameter , we use = 1.3 GeV for vertices involving an off-shell K meson and = 3.7 GeV for those involving an off-shell D meson. These values are determined from the QCD sum-rule calculations given in Appendix B for the D sJ DK three-point functions. Although the calculations are only for a two-quark D sJ (2317) meson, we use them also for a four-quark D sJ (2317) meson as well as for other vertices in the diagrams in Fig. 2 . We expect this to be a reasonable assumption, because a study of the X(3872) meson in the QCD sum rules has indicated that both the form and the cutoff of its form factor are not significantly different between a two-quark and a four-quark X(3872) meson [45] .
The isospin-and spin-averaged cross section is then given by
where |M n | 2 denotes the squared amplitude obtained from summing over the isospins and spins of both initial and final particles, with F denoting the appropriate form factors at 0 of a reaction for the scenario that it is a four-quark state. Aside from those near the threshold of a reaction, where the cross section can be very large or small depending on whether the reaction is exothermic or endothermic, most cross sections are less than 1 mb except the reaction πD sJ → K * D, which has a peak value of about 2 mb. If the D sJ (2317) meson is a two-quark state, its absorption cross sections are about a factor of 9 larger than corresponding ones shown in Fig. 3 as the coupling constant g D sJ DK is about a factor of 3 larger for a two-quark D sJ (2317) meson than for a four-quark one.
The D sJ (2317) meson can also be produced in the hadronic matter by the inverse reactions KD * (DK * ) → πD sJ , KD → ρD sJ , ρD(πD * ) →KD sJ , and πD →K * D sJ , with cross sections related to those of absorption reactions via the detailed balance relations.
B. Thermally averaged D sJ (2317) meson absorption cross sections
In the kinetic model to be used in the next section for studying D sJ (2317) meson absorption and production in hadronic matter, the thermally averaged cross sections are needed. In terms of the thermal distribution functions f i (p) of D sJ (2317) mesons and other hadrons, the thermally averaged cross section σ ab→cd for the reaction ab → cd is given by [46] 
being the modified Bessel function, and v ab denoting the relative velocity of the initial two interacting particles a and b, i.e.,
The thermally averaged absorption cross sections of the D sJ (2317) meson by π, ρ,K, andK * as functions of the temperature of the hadronic matter are shown in Fig. 4 for the case that D sJ (2317) is a four-quark meson. It is seen that the thermally averaged cross section of the dominant reaction πD sJ → K * D has values less than 0.6 mb. Its value is again about a factor of 9 larger if the D sJ (2317) is a two-quark meson.
V. TIME EVOLUTION OF THE D sJ (2317) MESON ABUNDANCE IN HADRONIC MATTER
A. Rate equation for D sJ (2317) meson production in heavy ion collisions
In terms of thermally averaged cross sections and the densities of π, ρ, K, and K * mesons, the time evolution of the D sJ (2317) meson abundance in the hadronic matter is determined by the kinetic equation
where
(τ ) are, respectively, the equilibrium densities of light meson type a, charmed meson type c, and D sJ (2317) meson in the hadronic matter at proper time τ when its temperature is T according to Eq. (2). These equilibrium densities are calculated using formulas similar to Eq. (13) without the fugacity parameter. Since hadronization of the quark-gluon plasma takes a finite time of τ H − τ C 2.5 fm/c, D sJ (2317) mesons are produced from the quarkgluon plasma in the mixed phase, with a rate proportional to the volume of the quark-gluon plasma. This is included in Eq. (21) through the term R QGP (τ ). Since the fraction of the quark-gluon plasma during the mixed phase decreases almost linearly with the proper time, we can approximately write
In the above,
is the total number of D sJ (2317) mesons produced from the quark-gluon plasma. In the following calculations, it is obtained either from the coalescence model by evaluating Eq. (3) numerically using the Monte Carlo method or from the statistical model using Eq. (13) . In writing Eq. (21), we have assumed that the total number of charmed hadrons is conserved during the evolution of the hadronic matter as charms are not likely to be produced and destroyed in the hadronic matter because of their small production and annihilation cross sections [47] [48] [49] . if it is a four-quark meson. Although the ratio (∼5) between the final numbers for the two-and four-quark D sJ (2317) mesons is smaller than that (∼20) for initially produced D sJ (2317) mesons, it is still appreciable. This result differs significantly from the predictions of the statistical model. In this case, the D sJ (2317) meson number decreases slightly to 3.8 × 10 −2 during the hadronic evolution if it is a two-quark meson as shown by the dash-dotted line, and it remains essentially unchanged during hadronic evolution if it is a four-quark meson as shown by the dotted line. Since the final yield of D sJ (2317) mesons in the coalescence model is much smaller for a four-quark state than for a two-quark state and also that from the statistical model, studying D sJ (2317) meson production in relativistic heavy ion collisions thus provides the possibility of understanding not only its production mechanism but also its quark structure.
Above results are obtained by assuming that there are three charm quarks in the quark-gluon plasma, based on the number of charm quarks measured by the PHENIX Collaboration in p + p collisions. If this number is increased by a factor of 2, which is closer to that expected from the STAR experiment on d+Au collisions, the final D sJ (2317) meson numbers in both the coalescence and statistical models are increased by about a similar factor. A similar reduction factor is seen in the final D sJ (2317) meson numbers in heavy ion collisions if the total charm quark number is reduced by a factor of 2 as given by the PYTHIA program for p + p collisions.
VI. SUMMARY
Using the quark coalescence model, we have predicted the yield of D sJ (2317) mesons in central Au+Au collisions at RHIC. Contrary to the prediction of the statistical model, the initial number of D sJ (2317) meson produced at the end of the quark-gluon stage of heavy ion collisions depends sensitively on whether it is a two-quark or a four-quark meson, with the former giving an order of magnitude larger number than the latter. To take into account the effects of absorption and production during subsequent hadronic evolution, we have used a hadronic model to evaluate the cross sections for the absorption of the D sJ (2317) meson by pion, ρ meson, anti-kaon, and vector anti-kaon in the tree-level Born approximation. With empirical masses and coupling constants as well as form factors from the QCD sum rules, we have found that all these cross sections are small, except the reaction πD sJ → K * D, which has a peak cross section of about 2 mb, if the D sJ (2317) is a four-quark meson, but they are about ten times larger if it is a conventional two-quark meson. Including these reactions in a kinetic model based on a schematic hydrodynamic description of relativistic heavy ion collisions, we have studied the time evolution of the abundance of D sJ (2317) mesons in these collisions. Our results show that the large difference in the initial numbers given by the quark coalescence model for the two-quark and four-quark D sJ (2317) mesons remains appreciable at freeze-out. On the other hand, the D sJ (2317) number determined from the statistical model is essentially unchanged if the D sJ (2317) meson is a four-quark meson and only changes slightly if it is a two-quark meson. Studying D sJ (2317) production at RHIC and also at the forthcoming LHC thus offers the possibility to understand its quark structure and production mechanism.
In the present study, we have assumed that quarks in the four-quark D sJ (2317) meson are all in a relative s wave. The possibility that it is formed from a pair of diquark and antidiquark states is not considered. How such a quark structure for the D sJ (2317) meson would affect its production probability is worth studying. Also, to determine the yield of D sJ (2317) mesons in relativistic heavy ion collisions, one requires accurate information on the number of charm quarks produced during initial hard nucleon-nucleon collisions, as increasing or decreasing the initial quark number by a factor affects the final D sJ (2317) meson number by a similar factor. Furthermore, it is important to know if charm quarks can be produced from the quark-gluon plasma, as this would affect the initial D sJ (2317) mesons produced from the quark-gluon plasma as well.
In the above, we made use of the fact that the Wigner function of D sJ (2317) meson is factorable in both the relative coordinates and the relative momenta of its constituent quarks. Because of −0.5 y = η 0.5, the momentum space integral in Eq. (A3) reduces to a two-dimensional one, as the momentum integral in the z-direction gives simply one.
If 
It is interesting to note that the ratio of the yields of the two-quark to the four-quark D sJ (2317) meson is about 17 and is largely due to the different color-spin-isospin statistical factors associated with the two different quark structures of the D sJ (2317) meson.
APPENDIX B: THE D sJ DK FORM FACTOR
In this Appendix, we compute the D sJ DK form factor using the QCD rum rules [50, 51] . In this approach, the short-range perturbative QCD is extended by the Wilson's operator product expansion (OPE) of the correlators, which results in a series in powers of the squared momentum with Wilson coefficients. The convergence at low momentum is improved by using a Borel transform. The expansion involves universal quark and gluon condensates. Equating the quark-based calculation of a given correlator to the same correlator that is calculated using hadronic degrees of freedom via a dispersion relation then provides the sum rules from which a hadronic quantity can be estimated.
We shall use the three-point function to evaluate the D sJ DK form factor by following the procedure suggested in Ref. [52] and further extended in Ref. [53] . This means that we shall calculate the correlators for an off-shell D meson and then for an off-shell K meson, requiring that the corresponding extrapolations to the respective poles lead to the same unique coupling constant.
The three-point function associated with a D sJ DK vertex with an off-shell D meson is given by 
where j 5µ =sγ µ γ 5 s ∞ and 0 u ∞, which can be evaluated using Cutkosky's rules. Finally, to suppress the condensates of higher dimension and at the same time reduce the influence of higher resonances, we perform a double Borel transform in both variables P 2 = −p 2 → M 2 and P 2 = −p 2 → M 2 . Equating the two representations described above, we obtain the following sum
